Motivated by the recent establishment of a connection between central star binarity and extreme abundance discrepancies in planetary nebulae, we have carried out a spectroscopic survey targeting planetary nebula with binary central stars and previously unmeasured recombination line abundances. We have discovered seven new extreme abundance discrepancies, confirming that binarity is key to understanding the abundance discrepancy problem. Analysis of all 15 objects with a binary central star and a measured abundance discrepancy suggests a cut-off period of about 1.15 days, below which extreme abundance discrepancies are found.
Introduction
Heavy element abundances in planetary nebulae (PNe) may be calculated from bright, easily-observed collisionally-excited lines (CELs; typical fluxes of 10-1000, where F(Hβ) = 100) or from the much fainter recombination lines (RLs; typical fluxes of 0.01-1 on the same scale). For 70 years, it has been known that RL abundances exceed those from CELs, with the so-called abundance discrepancy factor (adf ) ranging from 2-3 in the majority of cases, up to nearly three orders of magnitude in the most extreme cases (see, e.g., [1] [2] [3] ). Many mechanisms have been proposed to account for the discrepancy. These include:
• Temperature fluctuations [4] • Strong abundance gradients [5] • Density inhomogeneities [6] • Hydrogen-deficient clumps [2] • X-ray irradiation of quasi-neutral material [7] • κ-distributed electrons [8] Abundance discrepancies in H II regions behave quantitatively differently from those in PNe, suggesting that (at least) two mechanisms are responsible [9] .
The work in [10] noted that in several cases, the most extreme values of the abundance discrepancy occurred in PNe known to have formed through the ejection of a common envelope (CE; [11, 12] ), having a binary central star with such a short period that the orbital radius is less than the radius of the PN's Asymptotic Giant Branch (AGB) progenitor [13] . The work in [14] strengthened this connection by observing NGC 6778, known to have a binary central star with a period of 3.68 hours [15] , and noted by [16] to show a very strong recombination line spectrum. New deep spectroscopic observations revealed an extreme abundance discrepancy as predicted from the binary nature of the central star, together with spatial patterns also seen in several other high-adf nebulae: the adf is not constant across the nebula, but rather strongly centrally peaked. In the case of NGC 6778, the value derived from the spatially-integrated spectrum is ∼18, while the spatially-resolved values peak at ∼40 close to the central star.
To investigate this connection further, we observed ∼40 PNe with known binary central stars, to measure their chemistry, predicting that we should find high abundance discrepancies in a significant fraction of them. The nebulae were observed in 2015-2016 using FORS2 at the VLT in Chile, with spectra covering wavelengths from 3600-9300 Å at a resolution of 1.5-3 Å.
Results
Spectra of sufficient depth to obtain recombination line abundances were obtained for eight objects in our sample. The observations of NGC 6778 were published in [14] . The seven additional objects included Hf 2-2, already known to have an extreme abundance discrepancy [2] , which we included in our sample as a benchmark to verify our methodology (our results from the integrated spectrum are in good agreement with those of [2] ) and to study spatially. Emission lines in the spectra were measured using the code ALFA [17] , which operates autonomously, first fitting and subtracting a continuum from each spectrum and then optimising Gaussian fits to emission lines using a genetic algorithm. The code detected ∼100 lines in each spectrum. These line fluxes were then analysed using NEAT [18] , which also fully autonomously carries out an empirical analysis, calculating temperatures and densities from traditional CEL diagnostics, as well as from hydrogen continuum jumps, helium emission line ratios and oxygen recombination line ratios. The code then determines ionic abundances using a three-zone scheme and corrects for unseen ionisation stages using the scheme of [19] .
For four objects, their angular size and the depth of the spectra obtained permitted a spatially-resolved analysis. In these cases, we generally found that the adf was strongly centrally peaked; this was most clearly seen in Hf 2-2 and NGC 6326. In Fg 1, the adf showed central peaking, but the adf was also seen to be higher at the outer edge of the bright inner region of the nebula. NGC 6337 was thought to be a bipolar nebula viewed edge-on [20] ; on-sky, it appears as a ring, and the highest values of the adf were seen at the inner edge of the ring. Figure 1 shows the variation of the adf along the slit for each of these objects. Figure 2 shows the measured adfs of 207 objects in rank order, with H II regions highlighted in purple and PNe with close binary central stars shown in blue. This shows that the adfs of H II regions are mostly lower than the median value of 2.3, while those of post-CE PNe are typically much higher. Henceforth, we refer to abundance discrepancy factors of less than 5 as "normal", factors between 5 and 10 as "elevated" and those greater than 10 as "extreme". 
Discussion

Relationship between adfs and Central Star Properties
The Binary Period
We have measured the abundance discrepancy for the first time in six post-common envelope PNe; the integrated spectra reveal five extreme and one elevated adf. Nine further post-CE nebulae with measured abundance discrepancy are found in the literature, of which two have normal adfs, two have elevated adfs and five have extreme adfs. Thus, the majority of post-CE nebulae have extreme abundance discrepancies, but a few have much lower values. In Table 1 , we list some key observational parameters for all 15 objects. We searched for a relationship between the period of the binary central star and the abundance discrepancy. A continuous relationship would suggest that the mechanism giving rise to extreme adfs operates regardless of the binary period, but its magnitude is determined by it. On the other hand, if a threshold period can be identified that divides objects with elevated adfs from those with normal adfs, then it would imply that the mechanism is only triggered for shorter period binaries. Figure 3 shows the relation between the two properties, and although the number of points remains quite small, there is clearly no simple relationship between orbital period and adf. Instead, it suggests a threshold period, as three groups of objects can be identified: those with periods of less than one day all have elevated or extreme adfs; the objects with periods longer than 1.2 days have normal adfs; and the several objects with periods of around 1.15 days have a wide range of adfs, including Fg 1 with an adf of ∼46, Hen 2-283 with an adf of 5.1 and the Necklace, with no measured adf, but with no RLs detected in deep spectra by [25] , and thus likely a normal value.
Detection biases mean that the observed period distribution of central star binaries is strongly concentrated to lower values, and thus, objects with periods of days rather than hours are quite rare [13] . The absence of high-adf objects with longer periods could arise by chance, given that only two longer period objects appear in our sample of 15 objects. However, the likelihood of the two longest period binaries having the two lowest adfs by chance alone if the two properties were uncorrelated is just under 1%. A likely third such object is MyCn 18, for which [26] recently reported a binary period of 18.15 days, while [27] measured an adf of 1.8. The probability of the three lowest adfs coinciding with the three longest periods by chance is much less than 1% and strengthens the hypothesis that only when the binary period is shorter than a threshold value of around 1.15 days will the PN exhibit an elevated or extreme adf. Further measurements of adf in objects with known binary orbital period are of course still necessary to better constrain this proposed relationship. Abundance discrepancy for O 2+ plotted against binary period for the 15 objects where both are known: nine literature values (purple dots) and seven from this study (red squares). Also plotted is a point for the Necklace, which has a period of 1.16 days and an unmeasured abundance discrepancy, but with an upper limit reported to be low and plotted here as a factor of 3.0. A horizontal line indicates an adf of 5.0, which we consider the dividing line between "normal" and "elevated", and a vertical line indicates the period of 1.15 days, which roughly divides objects with low and extreme adfs.
Stellar Abundances
The work in [28] suggested that there might be a relation between central star abundances and nebular abundance discrepancies, based on their discovery of the extreme abundance discrepancy of NGC 1501, which has a hydrogen-deficient central star, in common with several other then-recently identified extreme adf objects. However, they also noted that several extreme adf objects with H-rich central stars were known, concluding that no clear relationship existed. The work in [24] measured the adf in several objects with known H-deficient central stars, and did not find any elevated or extreme abundance discrepancies.
Given that extreme adfs can be reproduced by invoking cold hydrogen-deficient clumps embedded in a hot gas of normal composition, a source for these clumps needs to be identified. Two possibilities have been discussed; firstly, a very late thermal pulse (VLTP), in which a single star experiences a thermal pulse after having begun its descent of the white dwarf cooling track [29] ; the second scenario is a nova-like eruption relying on a binary central star. Additional and more complex scenarios are possible: ref. [30] suggested that some combination of VLTP and nova in which the former triggered the latter could explain the properties of the hydrogen-deficient knot in Abell 58. Given the lack of observational constraints on such scenarios, we consider only these two relatively simple cases. The two scenarios make contrasting predictions for the central star abundances. The VLTP scenario would result in a hydrogen-deficient central star, and indeed, that scenario is commonly invoked specifically as a mechanism for creating such stars. Meanwhile, the nova-like scenario is as yet ill-defined. An eruption in which some hydrogen is neither burned nor ejected would be required to leave behind a hydrogen-rich post-nova object.
We compiled all available literature central star classifications, to compare adfs of nebulae with H-deficient central stars to those of nebulae with H-rich central stars (excluding nebulae with weak emission line stars (wels), which have a high likelihood of being due to either nebular contamination [31] or irradiation of the secondary [15] ). The left-hand panel of Figure 4 shows a quantile-quantile (Q-Q) plot comparing the quantiles of the distributions of adfs, for nebulae with H-deficient central stars and those without. In such a plot, for two different datasets, if the two sets are drawn from the same underlying probability distribution, the points will lie close to the line of y = x. Populations drawn from differing probability distributions will diverge from the 1:1 relation. In this case, the points indeed mostly lie close to y = x. In the right-hand panel of the figure, we show the Q-Q plot for PNe with binary central stars against those without a known binary central star. The large deviations from the y = x line indicate that the adfs of nebulae with binary central stars come from a strongly differing distribution to those without. This argues against a VLTP as the source of hydrogen-deficient material, while a nova-like outburst remains plausible. 
Relationship of adfs with Nebular Properties
Electron Density
As well as the proposed cut-off period of around 1.15 days separating elevated and extreme adf objects from normal adf objects, we have identified a relation between electron density and adf. In the seven objects studied in this work, all except Hen 2-283 have extreme abundance discrepancies, and while Hen 2-283 has an electron density of ∼3200 cm −3 , the other objects all have densities of <1000 cm −3 . To investigate this further, we compiled literature measurements of the electron density from lines of [O II], [S II], [Cl III] and [Ar IV], for all objects with a measured adf. Figure 5 shows the adf against electron density for each of the four diagnostics. These figures clearly show that the highest adfs only occur in the lowest density objects. Dashed lines indicate two bounds inside which almost all objects lie: a lower limit of adf = 1.3 and an upper limit of adf < 1.2×10 4 n −0.8 e . The low densities associated with extreme adfs point to a low ionised mass, as found by [10] for the extreme-adf objects Ou 5 and Abell 48, and consistent also with the finding by [32] that post-CE nebulae have systematically lower ionised masses and surface brightnesses compared to the overall PN population. 
Conclusions
The relationships between central star binarity, nebular density and adf show that common envelope evolution and nebular chemistry are strongly connected. We conclude that adfs provide a reliable way to infer the presence of a close binary central star; any object with an extreme adf must host a very short period binary. These objects will tend to have electron densities of 1000 cm 3 . Meanwhile, if an object has a low adf, but a morphology indicative of binarity, we would predict that its binary period should be much longer than one day. One possible mechanism that could account for these observations is if the shortest period post-CE binaries experience fallback following the ejection of the common envelope, triggering an outburst of enriched material, which gives rise to extreme adfs. The implications of our results are discussed in greater detail in [33] .
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